ABSTRACT: Liquid-crystalline dendrimers have been prepared from second-generation Percec-type poly(benzyl ether) dendrons or second-generation poly(aryl ester) dendrons carrying cyanobiphenyl mesogens. The Janus dendrimer, which combines the two types of dendromesogens, has also been synthesized. Those compounds have been prepared under copper-catalyzed azide−alkyne cycloaddition conditions. The mesomorphic properties have been studied by thermal analysis (POM, DSC) and small-angle X-ray scattering. Smectic A, nematic, and columnar phases have been observed depending on the dendritic building blocks. The click reaction has proven to be a powerful and elegant synthetic tool for the design of complex dendritic liquid-crystalline architectures.
■ INTRODUCTION
The development of nanoscale devices with specific properties (e.g., optical, magnetic, redox properties) obtained by the selfassembly of functional building blocks requires important efforts in the molecular design. 1, 2 In this context, liquid crystals are a class of materials of particular interest due to their controllable self-organization behavior.
3 Structural engineering at the molecular level, by designing mesomorphic units with accurate shape, length, polarity, or chirality, is the key step to modulate the self-organization process and tune the physicochemical properties of the target supramolecular architectures. 4, 5 Thus, the development of complex liquid-crystalline nanostructures with tailor-made and high performance properties requires effective and versatile synthetic tools.
The copper-catalyzed azide−alkyne "click" cycloaddition (CuAAC) 6−8 is of interest as it requires mild reaction conditions and simple work-up procedures, tolerates a wide range of functional groups, and leads to high yields. Thus, the CuAAC reaction was applied for the synthesis and modification of various supramolecular architectures such as gels, 9−11 polymers, 12−15 hyperbranched polymers, 16, 17 fullerene derivatives, 18−20 micelles, 21−23 nanoparticles, 24−27 macrocycles, 28, 29 dendrimers, 30−35 and metal−organic frameworks. 36−40 Furthermore, thermotropic liquid crystals, including small mesogenic molecules, 41−46 macrocycles, 47−52 polymers, 53, 54 and dendrimers, 55 were also prepared by applying this chemical transformation.
In the field of liquid crystals, we successfully applied the CuAAC reaction for the synthesis of liquid-crystalline gold nanoparticles: first-and second-generation mesomorphic cyanobiphenyl-based dendrons were grafted onto the gold core, and the formation of smectic A phases was observed. 56, 57 We also reported hexadducts of [60] fullerene (C 60 ) prepared by clicking 12 chiral or achiral first-generation poly(benzyl ether) dendrons onto a C 60 derivative. 58 The materials gave rise to supramolecular helical columns.
The aim of this study is to exploit the click chemistry as an effective and elegant approach for the assembly of two dendrons leading to novel liquid-crystalline dendrimers. This strategy, which allows to connect dendrons with identical, similar, or different properties, is an interesting way to design liquid-crystalline dendrimers with tailor-made self-assembly properties based on the characteristics of each individual dendron.
We report, herein, the synthesis, characterization, and mesomorphic properties of three clicked dendrimers (1−3, Figures 1 and 2 ) as well as of their alkyne and azide precursors (4−7, Figure 3 and Scheme 1). The supramolecular organization of the investigated compounds is proposed based on small-angle X-ray diffraction analysis. 
■ RESULTS AND DISCUSSION
Design. Inspired by the efficiency and versatility of the copper-mediated click transformation, we applied the CuAAC reaction for the construction of symmetrical ( Figure 1 ) and nonsymmetrical ( Figure 2) derivative with respect to the azide derivative was used in order to increase the conversion in clicked products.
Alkynes 4 and 5 ( Figure 3 ) were obtained by esterification of 4-pentynoic acid with the corresponding phenol or alcohol derivative. Esterification of 1-azidoundecan-11-ol with either terephthalic acid or the appropriate acid-based poly(benzyl ether) dendron gave azide derivatives 6 and 7, respectively. The synthetic procedures and analytical data of 4−7 are reported in the Supporting Information. The structure and purity of all compounds were confirmed by NMR and IR spectroscopies, mass spectrometry, and elemental analysis.
Characterization. The formation of dendrimers 1−3 was confirmed by 1 H NMR and IR spectroscopies. The reaction of azide 6 with alkyne 4 to yield 1 is discussed as an illustrative example. First, the absence of azide and alkyne reagents in the clicked product was evidenced by the complete disappearance of both the azide asymmetric vibration at 2094 cm −1 in the IR spectrum of 1 (Figure 4 ) and the acetylenic proton signal at 2.08 ppm in the 1 H NMR spectrum (Figure 5c ). Second, the formation of the 1,2,3-triazole ring in clicked dendrimer 1 was confirmed by its 1 H NMR spectrum, the diagnostic 1,2,3-triazole proton resonance being observed as a singlet at 7.39 ppm (Figure 5c ). Finally, the formation of the 1,2,3-triazole aromatic heterocycle induced significant changes in chemical shifts for signals of the neighboring protons. For example, (i) the methylenic protons at α-and β-positions of the alkyne groups were shifted from 2.68 and 2.90 ppm to 3.08 and 3.15 ppm, respectively, and (ii) the methylenic protons at α-position of the azide group were shifted from 3.26 to 4.28 ppm ( Figure  5 ). Similar data were obtained for dendrimers 2 and 3.
Liquid-Crystalline Behavior. The mesomorphic and thermal properties of dendrons 4, 5, and 7 and dendrimers 1−3 were investigated by polarized optical microscopy (POM), differential scanning calorimetry (DSC), and X-ray diffraction. The phase-transition temperatures and enthalpies are reported in Table 1 . The liquid-crystalline phases were identified by POM from the observation of typical textures: focal-conic fan texture and homeotropic area for the smectic A phase, pseudofocal-conic fan texture for the columnar phase, and schlieren texture for the nematic phase. Typical examples of textures are shown in Figure 6 .
All dendritic precursors as well as the final dendrimers displayed liquid-crystalline properties in agreement with their chemical nature and structure. Dendron 4 gave a smectic A phase with the cyanobiphenyl mesogens aligning parallel one to the others. 59, 60 As for dendrons 5 and 7, columnar phases were obtained resulting from the disc-like assembly of the Percectype dendromesogens.
61−66 Dendrimers 1 and 2 developed similar mesophases as their precursors. Indeed, smectic A and columnar phases were observed for 1 and 2, respectively. An additional nematic phase was also obtained for 1. The contribution of each dendritic moiety, i.e., the poly(aryl ester)dendron and poly(benzyl ether)dendron, is observed in Janus dendrimer 3 for which both columnar and smectic A phases were obtained.
Supramolecular Organization. The molecular length (L) of all dendrons in their extended conformations was estimated using HyperChem software (modeling in the MM2 level) and was found to be 49, 53, and 48 Å for 4, 5, and 7, respectively. Although compound 4 self-organized into a smectic A phase, only a very weak low-angle diffraction peak was detected. The layer spacing of 4 was estimated as d = 57 Å. The d/L ratio of 1.16 revealed that 4 organized into a bilayer structure with interdigitation of the mesogens between adjacent layers, which leads to a poorly defined electronic density. For compound 5, a set of low-angle reflections at 39. , it can be estimated that two molecules of 5 are required to fill a column stratum of 4.8 Å thickness. It is also deduced that in this mesophase, and in the rectangular phase of the other compounds in the series (7, 2, and 3), there are two columns per unit cell (see below). The fact that these molecules associate two by two in each column is consistent with the half-disc shape. A similar result was obtained for dendron 7. Sharp peaks at 40.9 and 31.8 Å were identified as the d 11 and d 20 reflections, respectively. This result corresponds to a rectangular columnar phase with lattice constants a = 63.6 Å and b = 53.4 Å, each column stratum of 4.4 Å being filled by two molecules of 7.
For dendrimers 1−3, the molecular length (L) was estimated in the extended conformation by HyperChem and found to be 133, 144, and 96 Å for 1, 2, and 3, respectively. For dendrimer 1, XRD measurements did not give any sharp reflections and consequently did not allow an estimation of the lamellar spacing. This result, as well as for compound 4, could be attributed to the not-well-defined layers within the smectic phase, a phenomenon already described in several of our publications for related dendrimers. 67, 68 On the contrary, the sharp and intense reflections of dendrimer 2 suggested a rectangular columnar phase with lattice parameters a = 77.8 Å and b = 34.8 Å and a disc thickness of 6.4 Å. Taking into account these parameters, one single molecule is needed to generate the disc-like unit. To preserve a reasonable packing density, the molecule is forced to adopt a curled conformation (compare the lattice constants with the estimated molecular length), and this accounts for the large value of the stratum thickness. For the Janus dendrimer 3, two different selforganizations were detected through the range of temperatures. At low temperature (55°C), the self-organization of two molecules per disc led to a rectangular columnar phase with lattice parameters a = 88.4 Å and b = 55 Å and a column thickness of 6.4 Å. The association of two molecules in this case is reasonable and consistent with the mutual interdigitation of their CN groups. At higher temperature (90°C), a set of five equally spaced sharp reflections observed in the low-angle region indicated that 3 reorganized into a smectic A phase with a large lamellar spacing of 111 Å. Considering the d/L ratio of 1.16, it is deduced that a bilayer interdigitated structure similar to that of 4 was promoted, most likely, due to dipolar and π−π interactions between the cyanobiphenyl groups. Each layer, therefore, must contain two sublayers in which molecules have their CN groups pointing to the middle of the layer and the dodecyloxy chains pointing to the exterior. The CN groups of a sublayer join the CN groups of the other sublayers and interact with each other by dipolar forces. The presence of five layer reflection orders in the X-ray patterns of 3 is noticeable, in contrast to the patterns of the smectic phases of 1 and 4. This is related to the different molecular structures. The presence in 3 of the poly(benzyl ether) dendron at one end of the molecules reduces interdigitation compared to 1 and 4 and, instead, allows a well-defined layer organization and hence a reinforced modulation of the electron density. Finally, the observation of both Col r and SmA phases in 3 is in agreement with our previous reports for analogous compounds 66 and further confirms our hypothesis that the driving force to generate columnar and/or smectic phases depends on the nature and competitive size of the two dendritic parts. The postulated supramolecular organization of 3 within the rectangular columnar and smectic A phases is presented in Figure 7 . Such a columnar−lamellar transition should occur via an undulated lamellar state (Figure 7) . 44 ,69 Figure 5 .
1 H NMR spectra in CD 2 Cl 2 of (a) azide 6, (b) alkyne 4, and (c) dendrimer 1. 
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a T g = glass transition temperature, SmA = smectic A phase, N = nematic phase, I = isotropic liquid, Col r = rectangular columnar phase. T g is determined during the first cooling run; approximate value. Transition temperatures are given as the onset of the peaks obtained from the second heating run. b Combined enthalpies. c Too broad to be determined.
d Temperature is given as peak value (broad peak).
The X-ray patterns of the rectangular columnar phases could be consistent, in principle, not only with a columnar structure but also with a ribbon phase. However, this possibility must be ruled out considering that all the compounds that show rectangular columnar mesomorphism contain a poly(benzyl ether) dendron. 61, 63 This dendron is known to promote columnar mesomorphism. 61, 63 From the observed reflections, the 2D space groups for the rectangular columnar phases of compounds 2, 3, 5, and 7 can be deduced on the basis of the extinction rules that govern the space-groups attribution. 70 For 5 and 7 this attribution can only . Thermal-polarized optical micrographs of (a) the pseudo-focal-conic fan texture displayed by 5 in the rectangular columnar phase at 78°C, (b) the focal-conic fan texture displayed by 1 in smectic A phase at 177°C, (c) the texture displayed by 2 in the rectangular columnar phase at 60°C, and (d) the texture displayed by 3 in the rectangular columnar phase at 65°C. be tentative because of the low number of observed reflections. For these two compounds, the most probable symmetry group of their columnar phase is c2mm (Figure S17 ), for which the expected presence of reflection peaks are (1) hk: h + k = 2n; (2) h0: h = 2n; (3) 0k: k = 2n. For 2 and 3 the data are consistent with a p2mg plane group. This symmetry is in agreement with the presence of two columns per unit cell and with the expected conditions for the presence of reflection peaks: (1) hk: no conditions; (2) h0: no conditions; (3) 0k: k = 2n.
■ CONCLUSIONS
This study demonstrates that click chemistry is an interesting and powerful reaction for the coupling of liquid-crystalline macromolecular building blocks. Symmetrical and Janus-type mesomorphic dendrimers were prepared from cyanobiphenylbased poly(aryl ester) dendrons and Percec-type dendrons. Smectic and columnar phases were obtained in agreement with the structure and nature of the liquid-crystalline promoters. Interestingly, our concept is not limited to the materials described herein but can be applied to many other compounds. Our strategy opens the door toward the design of liquidcrystalline macromolecules with tailor-made properties. Figure 7 . Postulated models of the supramolecular organization of 3 within the rectangular columnar (left) and smectic A (right) phases (red: cyanobiphenyl groups; green: alkoxy chains). The rectangular columnar phase is displayed with the p2mg symmetry which seems to be the most probable one regarding the X-ray results. 
■ EXPERIMENTAL SECTION
General Procedure for Click Reaction. To a mixture of azide 6 or 7 and the appropriate alkyne 4 or 5 in
